Productive infection by herpes simplex virus type 1 (HSV-1), which occurs in the host cell nucleus, is accompanied by dramatic modifications of the nuclear architecture, including profound alterations of nucleolar morphology. Here, we show that the three most abundant nucleolar proteins-nucleolin, B23, and fibrillarin-are redistributed out of the nucleoli as a consequence of HSV-1 infection. We show that the amount of nucleolin increases progressively during the course of infection. We demonstrate for the first time that a nucleolar protein, i.e., nucleolin, colocalizes with ICP8 in the viral replication compartments, at the time when viral replication is effective, suggesting an involvement of nucleolin in the HSV-1 DNA replication process. At later times of infection, a granular form of nucleolin localizes to the cytoplasm, in structures that display the characteristic features of aggresomes, indicating that this form of nucleolin is very probably destined for degradation. The delocalization of nucleolin from the nucleoli requires the viral ICP4 protein or a factor(s) whose expression involves ICP4. Using small interfering RNA technology, we show that viral replication requires a high level of nucleolin expression, demonstrating for the first time a direct role for a nucleolar protein in herpes simplex virus biology.
Herpes simplex virus type 1 (HSV-1) is a human herpesvirus consisting of an outer envelope, a tegument, a capsid, and a linear double-stranded DNA. Productive infection consists of a highly ordered program of viral gene expression, DNA replication, and virion assembly that leads to the formation of infectious viral progeny and cell death (48) . The viral DNA contains at least 80 genes whose expression is sequentially and temporally regulated by complex regulatory mechanisms. Viral genes can be divided into immediate-early, early, and late genes, according to their kinetics of expression. Proteins encoded by immediate-early genes are involved in the regulation of the synthesis of early and late proteins. Proteins encoded by early genes participate in viral DNA replication, and proteins encoded by late genes are mainly the structural components of the viral particles.
Viral transcription, DNA replication, assembly of new capsids, and packaging of HSV-1 DNA occur in the host cell nucleus. As a consequence, HSV-1-infected cells undergo a variety of changes including dramatic modifications of the nuclear architecture. The formation of viral replication compartments (VRC), which are the sites of replication, transcription, and encapsidation of HSV-1 genomes, is accompanied by the marginalization of chromatin and the disruption of the nuclear lamina and of PML bodies, as well as by a profound modification of nucleolar morphology (2, 15, 33, 39) . Soon after infection, nucleoli increase in size, localize close to the nuclear membrane, and finally become fragmented in small pieces (39, 49) . In addition, several viral proteins, including ICP0, ICP4, ICP27, US11, and gamma 34.5, localize at least transiently to nucleoli during infection (8, 10, 31, 37, 40, 50) .
The nucleolus is the most prominent compartment of the cell nucleus and the most extensively studied nuclear domain. It is well known to be the site of rRNA transcription, processing, and assembly into the ribosomal subunits. Recent studies, however, have highlighted the fact that nucleoli are dynamic structures involved in additional nonclassical roles, including cell cycle regulation, viral replication, and cellular stress responses (3, 11) . Moreover, it is becoming more and more clear that different types of viruses induce important alterations of nucleoli and that these alterations may participate directly in specific processes that are crucial for the outcome of infection, like viral DNA replication, virus assembly, and control of intracellular trafficking (for reviews see references 22 and 23) .
The nucleolar structure integrity depends on RNA polymerase (pol) I activity and on the correct expression of the nucleolar protein nucleolin (65) . Nucleolin is one of the most abundant nonribosomal proteins of the nucleolus (6) . It represents about 5 to 10% of the nucleolar protein content of exponentially growing eukaryotic cells. Nucleolin is a ubiquitous, highly phosphorylated, multifunctional, and mobile protein that shuttles between nucleoli, nucleoplasm, cytoplasm, and cell surface. It has been described as being a part of many pathways, from interactions with viruses at the cellular membrane (42) to essential roles in the regulation of gene expression, like chromatin remodeling (1), DNA recombination and replication, RNA transcription by RNA pol I and II, rRNA processing, mRNA stabilization, cytokinesis, and apoptosis (for reviews see references 38 and 61) . Nucleolin is also a major actor in promoting cell proliferation. The nucleolin level is higher in tumors and actively dividing cells (13, 52, 59 ) whereas nucleolin depletion by RNA interference promotes cell cycle arrest and apoptosis (65) . B23 and fibrillarin are two other abundant nucleolar proteins involved in ribosome biogenesis and in other functions. B23 constantly shuttles between nucleoli and the cytoplasm (5); it is also redistributed from nucleoli in response to cytotoxic drugs and genotoxic stress (68) and plays a role in the cell cycle (13, 59) . B23 binds different cellular and viral proteins (for reviews see references 22 and 23) .
At present, the roles that may be played by the HSV-1-induced nucleolar perturbations in viral replication and host cell functions are not elucidated, although two reports describe the delocalization of nucleolar proteins at the late stage of infection (34, 47) . Nucleolin and fibrillarin are delocalized from nucleoli in HSV-1-infected cells, and the leaky late UL24 viral protein is necessary for the late dispersal of nucleoplasmic nucleolin. However, nothing is known about the early delocalization of nucleolar proteins, and the fine kinetics of this process is unknown.
Therefore, because of the importance of nucleolar proteins like nucleolin for nucleolar structure integrity and function and because some of the nucleolar functions accomplished by these proteins could be required at some stage of the viral cycle, we have hypothesized that HSV-1-induced nucleolar perturbations might occur through the deregulation of these nucleolar proteins. Furthermore, if a nucleolar "experience" is required for HSV-1 infection, we might expect that some nucleolar proteins, at least, are involved in this process.
Here, we have analyzed the behavior of nucleolin and also that of two other abundant nucleolar proteins, B23 and fibrillarin, during the course of infection. We have investigated the expression and distribution of these proteins using extensive time course analyses spanning from 3 h postinfection (p.i.) to 24 h p.i. We have tracked the intracellular distribution of these proteins by fine cell fractionation procedures and immunofluorescence experiments. We show that these proteins are redistributed out of the nucleoli after infection through an immediate-early viral gene expression-dependent mechanism. Using small interfering RNA (siRNA) technology, we show that viral replication requires a high level of nucleolin expression, demonstrating for the first time a direct role for a nucleolar protein in HSV biology.
MATERIALS AND METHODS
Cell lines, virus strain, and infection of cells. HeLa monolayer cells were grown in Eagle's minimum essential medium (E-MEM; Sigma-Aldrich, St. Louis, MO) containing 100 U/ml penicillin and 100 g/ml streptomycin and with or without 5% heat-inactivated fetal calf serum (FCS; Eurobio, Les Ulis, France) at 37°C under 5% CO 2 . HSV-1 strains used in this study included the wild-type (wt) 17ϩ strain (HSV-1-17) and dl110 (HSV-1⌬ICP-0; ICP0 gene deleted) obtained from P. Lomonte (Université Lyon 1, Villeurbanne, France); HP66 (HSV1⌬DNAPol; UL30 gene deleted) was provided by D. Coen (Harvard University, Boston, MA) (36) and grown on polB3 cells expressing the HSV UL30 gene (24) (provided by C. Hwang, SUNY Health Science Center, Syracuse, NY). HSV-1-KOS 5dl1.2 (HSV-1⌬ICP-27; ICP27 gene deleted) and HSV-1-17 Cgal delIE3 (HSV-1⌬ICP-4; ICP4 gene deleted) were produced, respectively, on Vero cells or on the 7b complementing cell line (34, 35) (provided by P. Marconi, University of Ferrara, Ferrara, Italy) expressing both the ICP27 and the ICP4 proteins.
Cells were infected just before confluence with the HSV-1 strain at a multiplicity of infection (MOI) of 10 PFU per cell, or at the MOI specified in the figure legend, in E-MEM in the presence of 1% FCS. After 1 h of adsorption of the virus at 33°C under 5% CO 2 , the medium was removed and the cells were washed and then incubated in E-MEM at 37°C until harvesting. Times postinfection were calculated from the time of addition of the virus.
Plaque assays. Vero cells in six-well plates were inoculated with serial 10-fold dilutions of progeny virus. After a 1-h adsorption period at 33°C, the inoculum was removed and the cells were thoroughly washed with phosphate-buffered saline (PBS) and then overlaid with E-MEM. Plaques were counted and visualized at 72 h p.i. by fixing and staining the cells with 5% methylene blue in 70% methanol.
To measure virus production after inhibition of nucleolin expression, cells were treated with nucleolin siRNAs for 5 days. The cell monolayers were then infected with HSV-1 at an MOI of 0.4 to 10 PFU per cell. Cells and cell culture supernatants were collected at the indicated times postinfection. Virus titers were determined by plaque assay.
Pharmacological agents. The following agents (all from Sigma-Aldrich except where noted) were used at the indicated concentration: cycloheximide (20 g/ ml), nocodazole (5 g/ml), N-acetyl-leucyl-leucyl-norleucinal (ALLN) (5 g/ml), and actinomycin D (10 ng/ml). For drug treatments, nocodazole and ALLN were added to the culture medium 12 h before infection. Subcellular fractionation. At the indicated times after infection, the cell medium was removed and cells were washed with cold PBS, pH 7.4, and then scraped into PBS. The whole-cell lysates or cytoplasmic, nuclear, nucleolar, and nucleoplasmic extracts were prepared as described previously (54) . Briefly, nucleoli were purified using a procedure adapted from previously published protocols (41, 44) . HeLa cells were incubated on ice in a hypotonic buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, and 1 mM MgCl 2 ) and then lysed by addition of 0.3% Nonidet P-40. After centrifugation, the supernatant and the pellet containing the cytoplasmic and nuclear fractions, respectively, were harvested. Nuclei were then purified by centrifugation through an 0.88 M sucrose cushion containing 0.05 mM MgCl 2 . Purified nuclei were resuspended in 0.34 M sucrose-0.05 mM MgCl 2 and disrupted by ultrasonication. Nucleoli were then purified by centrifugation of the resulting homogenate through an 0.88 M sucrose cushion containing 0.05 mM MgCl 2 . The supernatant containing the nucleoplasmic fraction devoid of nucleoli and the pellet containing the nucleoli were harvested. siRNA transfection. Two siRNA duplexes, siRNA#2 (5Ј-UCCAAGGUAAC UUUAUUUCUU-3Ј) and siRNA#4 (5Ј-UUCUUUGACAGGCUCUUCCU U-3Ј), obtained from Dharmacon (Perbio Science, France) and targeting sequences in exon 13 and exons 4 and 5, respectively, of human nucleolin, were used to deplete nucleolin as previously described (65) . Briefly, 1 day before transfection, HeLa cells were trypsinized, resuspended in medium without antibiotics, and transferred to six-well plates at a density of 5 ϫ 10 5 cells per well. Transfection was performed with lipid transfection reagent DharmaFECT 1 from Dharmacon (Perbio Science, France) according to the manufacturer's instructions, with a final concentration of 100 nM of mixtures of the two functional siRNA duplexes specific for human nucleolin. A nonspecific siRNA duplex (RISC-free siRNA Dharmacon D-001600-01-05) was used for control transfections. Mock-transfected cells were treated with transfection reagent only. One day after, cells were submitted to a second transfection under the same conditions. Five days after the first transfection, cells were subjected to HSV-1 infection for different periods of time and then processed for appropriate analysis.
Western blot analysis. Proteins were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The membranes were incubated with a 500ϫ dilution of either a rabbit polyclonal antinucleolin antibody (19) ; antifibrillarin (N-15; Santa Cruz), anti-ICP27, or anti-US11 antibodies (14) ; or mouse monoclonal anti-B23 (H-106; Sigma), anti-␤-actin (AC-15; Sigma), antihistone H3 (Abcam), or anti-UL42 antibodies. Anti-ICP27 and anti-UL42 antibodies were kindly provided by H. Marsden (antibodies 42 and Z1F11, respectively) (53, 58) . Proteins were revealed by chemiluminescence (ECL from Amersham Biosciences) using an anti-rabbit or an anti-mouse peroxidase-conjugated antibody (Sigma) or an anti-goat peroxidase-conjugated antibody (Santa Cruz), diluted 1:10,000.
Indirect immunofluorescence assay and confocal microscopy. For immunostaining, HeLa cells grown on glass slides were mock infected or infected for various times with HSV-1, as indicated in the figure legends. Then, cells were washed with PBS, fixed with formaldehyde (3% in PBS), and then permeabilized with 1% Triton in PBS. Glass slides were incubated at room temperature for 1 h with the blocking buffer (1% bovine serum albumin and 0.5% Tween 20 in PBS) containing 3% FCS and then for 2 h with the primary antibodies diluted in the blocking buffer plus 1% FCS. Cells were then washed several times before
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treatment for 45 min with the secondary antibodies in the same manner. Subsequently, glass slides were washed three times with PBS containing 10 mM glycine and mounted in Fluoromount G mounting medium (Southern Biotechnology) containing DAPI (4Ј,6Ј-diamidino-2-phenylindole; Fluka) to stain the DNA. Cells were analyzed by confocal laser scanning microscopy (Leica TCS SP2). Appropriate emission filters were used for double-and triple-labeling experiments. Images were merged by computer. To control for cross-reactivity, samples were stained with one primary antibody and appropriate secondary antibodies. No overlap between the channels was observed for any of the samples at the settings used. The primary antibodies were either rabbit polyclonal antibodies-antinucleolin (1:200 dilution) (19) , anti-US11 (1:200 dilution) (14) , and anti-ICP27 (1:100 dilution)-or mouse monoclonal antibodies-anti-B23 (H-106; Sigma), anti-ICP8 (39-S; ATCC) (1:5 dilution), anti-lamin A/C (636; Santa Cruz), anti-␥-tubulin (GTU-88; Sigma), and anti-vimentin (V9; Dako). The conjugated secondary antibodies used were donkey anti-rabbit or anti-mouse Fluoprobes 488 (green)-or 546 (red) (Molecular Probes)-conjugated goat anti-rabbit antibody or goat anti-rabbit or anti-mouse Alexa Fluor 633 (long red) (Invitrogen)-conjugated antibody.
The immunofluorescence figures in this report show representative data. Each experiment was reproduced multiple times, and the cells are representative of the overall effects observed under each set of conditions.
RESULTS (i) Increase in the amount of nucleolar proteins during HSV-1 infection.
We investigated whether the steady state, profiles, and intracellular distribution of nucleolin, B23, and fibrillarin were modified after HSV-1 infection. HeLa cells were infected for different periods of time. Light microscopy observations revealed that, as expected, morphology of nucleoli were modified during the course of infection, although the nucleoli remained visible even at late times of infection (data not shown).
The amounts of nucleolar proteins were tracked by Western blot analyses. We first focused on the total amount of nucleolin in infected cells. As seen in Fig. 1A , during the first hours of infection the global amount of nucleolin was not dramatically modified. Then, from 6 h p.i., this amount was progressively increased, whereas that of ␤-actin, a control housekeeping protein, was not affected and that of the late viral protein US11, used as a control for viral infection, increased progressively.
Western blot analyses were then performed with proteins purified from cytoplasmic and nuclear fractions of mock-infected cells and cells infected for 4 to 24 h. Data presented in Fig. 1B show that, as expected, nucleolin was barely detectable in the cytoplasm of mock-infected cells. This was the case also in cells infected for 4 h. At 6 h p.i. the amount of nucleolin increased in the nuclei as well as in the cytoplasm. Histone H3 used as a control for specific nuclear protein was present in large amount in the nuclei and almost undetectable in the cytoplasm, indicating that the presence of cytoplasmic nucleolin in infected cells was not due to a contamination of the cytoplasmic fraction with nuclei during the fractionation procedure. These results suggest that the intracellular distribution of nucleolin is modified during the course of infection.
To verify whether these modifications are common to other abundant nucleolar proteins, we performed the same analysis with B23 and found that the amount of B23 protein was less modified in the nuclei and cytoplasm of infected cells (Fig. 1B) .
To gain insight into the intracellular distribution of nucleolar proteins in infected cells, we compared the amounts of nucleolin, B23, and fibrillarin in different subcellular compartments, including cytoplasm, nuclei, nucleoli, and nucleoplasm (nuclei devoid of nucleoli), in mock-infected cells, and in cells infected for 6 h. The results of Western blot analysis in Fig. 1C confirm the localization of nucleolin in the cytoplasm of infected cells and reveal that the amount of nucleolin in the nucleolar fraction was strongly decreased since it was not detectable at 6 h p.i. In contrast, at 6 h p.i., B23 and fibrillarin were barely or not at all detectable in the cytoplasm of infected cells; these two proteins remained essentially nuclear. However, the amount of B23 and fibrillarin in nucleoli decreased, and the decrease of nucleolar B23 was more drastic than that of nucleolar fibrillarin.
Immunofluorescence analyses performed on mock-infected and 8-h-infected cells confirmed that nucleolin and B23 are visible essentially in nucleoli of mock-infected cells where they colocalize (Fig. 1D , panels a to c). Conversely, in infected cells, the localization of the two proteins was very different from that in mock-infected cells, and at 8 h p.i. only a part of nucleolin and B23 colocalized (Fig. 1D, panels d to f) .
These results indicate that upon HSV-1 infection the amount and localization of nucleolar proteins are differentially affected.
(ii) Nucleolin localizes in different intracellular compartments during HSV-1 infection. To investigate the behavior of nucleolin during HSV-1 infection, we carried out a time course of nucleolin delocalization in HeLa cells infected for 4 to 24 h with a wt strain of HSV-1. The intracellular distribution of nucleolin was examined by multiple-immunofluorescence detection of proteins, followed by confocal microscope observations (Fig. 2) . The VRC were visualized with specific antibody directed against the ICP8 viral protein. ICP8 is an essential DNA replication protein with single-stranded DNA (ssDNA)-binding activity that is found exclusively in the VRC in the nucleus where viral transcription and DNA replication occur (7) . Cells were simultaneously counterstained with the DNAbinding fluorochrome DAPI to reveal the intranuclear distribution of the proteins. In these and all subsequent colocalization experiments, representative cells are shown, and in all instances, the majority of the cells displayed the colocalization pattern shown and results have been verified in at least two independent experiments.
In mock-infected cells and at 4 h p.i., nucleolin was found exclusively in nucleoli ( Fig. 2A) . Later, infection of cells leads to rapid changes in nucleolin localization. From 6 to 24 h p.i., nucleolin exhibited different patterns and was present in two different forms, a diffuse one and a granular one indicated by a red arrow. From 6 h p.i., nucleolin increased in amount, and up to 6 to 8 h p.i., it was mainly present in the nucleus. As early as ICP8 was detected (6 h p.i.) and while nuclear membrane invagination occurred, part of nucleolin colocalized with sites of ICP8 staining. From 6 to14 h p.i., the signals of ICP8 and of part of nucleolin clearly overlapped, indicating that at least a fraction of nucleolin colocalizes with ICP8 in the VRC in the nucleus during the process of infection.
As infection progressed, the presence of nucleolin was not restricted to the VRC. Indeed, nucleolin was found also in structures devoid of ICP8 ( Fig. 2A, 14 to 24 h p.i.) ; granular dots of nucleolin appeared as early as 6 to 8 h after infection, and they progressively increased in size and amount. At 14 h p.i. a part of nucleolin was still present in the VRC; however, the granular form of nucleolin became predominant and accumulated in structures that did not contain ICP8. This granular form of nucleolin was located in the part of the cell that was not stained by DAPI, suggesting an extranuclear localization. At 24 h p.i. nucleolin did not colocalize anymore with ICP8 and was present mainly in structures located at the periphery of the nucleus and in the invagination of the nucleus. These structures that contain granular nucleolin resemble aggresome in their morphology and localization (see below).
The pattern of delocalization of nucleolin seems to be specific since the nucleolar protein B23 behaves in a different way, as seen in Fig. 2B . Until 6 h p.i., B23 remained in structures that displayed a nucleolar morphology. Then, from 8 to 24 h p.i., it localized in a structure that was devoid of the characteristic blue DAPI staining, indicating that this could be VRC. At 24 h p.i. part of B23 was present at the periphery of the nucleus. In contrast to nucleolin, B23 was never seen in a granular form.
Therefore, during HSV-1 infection, the two abundant nucleolar proteins, nucleolin and B23, are delocalized from nucleoli. Nucleolin was detected in VRC as early as 6 h p.i., whereas B23 localized from 8 h p.i. in a structure that could be VRC and continued to localize in this structure at very late times of infection (24 h p.i.) when nucleolin seemed to be excluded from the VRC and was instead present in granular structures and at the periphery of the nucleus. At 24 h p.i. parts of both nucleolin and B23 were present at the periphery of the nucleus. In addition, the DAPI labeling confirmed that, from 4 h p.i., the nucleus was morphologically modified and the labeling also revealed that granular nucleolin was proximal to the invagination of the nucleus. This was particularly obvious at late times of infection.
(iii) Immediate-early viral functions are necessary for nucleolin delocalization. Infection of cells with HSV-1 results in the selective and progressive inhibition of cellular protein synthesis (reviewed in reference 49). The delocalization of nucleolin upon infection could be the result of the inhibition of cellular protein synthesis. To test this hypothesis, mock-infected and infected cells were treated with cycloheximide, which inhibits the elongation of polypeptides during the translation process. In infected cells, cycloheximide was added either simultaneously with the viral particles or from 2 or 4 h p.i. until the end of the experiment. Its effect on nucleolin was observed by immunofluorescence analysis (Fig. 3A) . These observations show that when cycloheximide was added together with the infectious viral particles, nucleolin remained exclusively nucleolar (Fig. 3A, fourth panel from left) , as was the case for mock-infected control cells (compare Fig. 3A, two (Fig. 3A , two rightmost panels, respectively) in a manner similar to that of infected control cells that were not submitted to treatment (Fig. 3A, third els from left) and for DNA pol early gene (Fig. 3B , top row, rightmost panel). In these cells, nucleolin was present in both diffused and granular forms, and there was a concordance of ICP8 staining and of the diffused form of nucleolin (Fig. 3B , bottom row, second panel from left and two rightmost panels), although in the case of DNA pol mutant, there was formation of punctate prereplication compartments as expected. In contrast, in cells infected with a viral mutant with a deletion of the ICP4 immediate-early gene, nucleolin remained exclusively in the nucleoli, and as expected ICP8-containing replication compartments were not formed (Fig. 3B, third panels from left) . These data suggest that ICP4 bears functions that are absolutely required for the delocalization of nucleolin upon infection and that the viral processes that occur before the beginning of ICP4 synthesis are not sufficient. Furthermore, the delocalization of nucleolin seen in cells infected with ⌬DNA pol mutant indicates that late viral functions are not required for the process.
(iv) Inhibition of nucleolin expression results in reduction of viral proteins and of infectious progeny virus yields. Our present results show that nucleolin undergoes important modifications in HSV-1-infected cells, suggesting that nucleolin could be one of the cellular protein that plays a role in viral replication. We predicted that inhibition of its expression would result in changes in viral replication. To test this possibility, we carried out experiments using siRNA strategy to knock down nucleolin expression. HeLa cells were transfected with either nucleolin-specific siRNAs that have already been shown to down-regulate nucleolin expression or control scrambled siRNAs (65) . Five days posttransfection, the level of nucleolin was assayed by immunofluorescence using antibody to nucleolin (Fig. 4A) . Nucleolin staining was very low or undetectable in most of the cells transfected with nucleolin siRNAs, compared to cells transfected with control scrambled siRNAs, which have normal levels of nucleolin (compare Fig.  4A, panels a and d) . This confirms that the nucleolin siRNAs used induce a considerable reduction in nucleolin levels upon transfection. Nucleoli from silenced and nonsilenced cells were visualized by the use of an antibody to B23, the other abundant standard nucleolar protein. All the cells showed an intense B23 staining as demonstrated by the merge of B23 and nucleolin immunostaining images (Fig. 4A , panels b and c and panels e and f), indicating that the level of B23 and the integrity of the nucleoli were not affected in cells where nucleolin expression was knocked down.
To determine if nucleolin depletion can affect the efficiency of viral infection, cells were submitted to HSV-1 infection 5 days posttransfection with the siRNAs. The effect on viral infection was determined 24 h p.i. by immunofluorescence using an anti-ICP8 antibody (Fig. 4B ). It appears very clearly that in cells transfected with nucleolin siRNAs, the ICP8 staining was restricted to the small numbers of cells that have not been transfected by the siRNA showing a detectable amount of nucleolin (Fig. 4B , panels g to i), while it was detected in all control cells, both in mock-transfected cells (Fig. 4B , panels a to c) and in cells transfected with scrambled siRNAs (Fig. 4B , panels d to f). Western blot analysis presented in Fig. 4C confirmed that, in mock-infected cells and in cells infected for 24 h, the amount of nucleolin was drastically decreased in cells transfected with nucleolin siRNAs (NUC), compared to mock-transfected cells (MT) or cells transfected with scrambled siRNAs (SC). This indicates that the efficient down-regulation of nucleolin was specific and was not due to the transfection procedure. In addition, by using antibodies directed against the late viral protein US11 and against the housekeeping protein ␤-actin we observed that in infected cells, the levels of US11 protein were strongly decreased only in cells transfected with nucleolin siRNAs while the level of the control ␤-actin was not significantly modified. These data confirmed the results of the immunofluorescence experiment and demonstrate that viral expression was inhibited in cells where nucleolin expression was down regulated. Altogether, these results suggest that HSV-1 expression requires the presence of nucleolin, since both the expression of the early ICP8 (Fig. 4B , panels h and i) and that of the late US11 (Fig. 4C ) viral protein is inhibited in its absence. It has been shown that nucleolin could interfere with viral penetration. Indeed, in the case of human immunodeficiency virus, nucleolin is a receptor for viral penetration, and functional anchorage of virus particles on target cells requires nucleolin (42) . Therefore, the effects of changes in nucleolin expression on virus adsorption and production were estimated by plaque titration assays (Fig. 5) .
Five days after transfection with siRNAs, cells were infected for 2 h at 4°C using various amounts of HSV-1 particles (MOI ϭ 0.4 to 10 PFU per cell) and then harvested (Fig. 5A) . These experimental conditions allowed viral adsorption and not viral replication. There was no significant difference in the amounts of infectious viral particles adsorbed on the surface of cells where nucleolin was knocked down compared to cells having a normal nucleolin level, even when infection was performed with high amounts of virus (MOI ϭ 10 PFU per cell). This suggests that adsorption of the virus is not repressed in cells where nucleolin expression is inhibited.
We then determined the effect of repression of nucleolin expression on the amounts of progeny virus produced in cells infected for 16 h or 24 h (Fig. 5B) . We observed a modest reduction in the titers of virus produced from cells transfected with the control scrambled siRNAs compared to mock-transfected control cells. This indicates that transfection of cells with nonspecific siRNAs has no significant consequence on viral production. In contrast, virus yields were reduced 23-and 10-fold in cells transfected with nucleolin siRNA and infected for 16 or 24 h, respectively, at an MOI of 0.4 PFU/cell, compared to cells transfected with control scrambled siRNAs. In cells infected at a very high MOI (10 PFU/cell), virus yields were reduced more than threefold in nucleolin-knockdown cells. These data clearly confirm that viral infection requires nucleolin for efficient infection.
(v) Granular nucleolin mainly localized in extranuclear aggresome structures in infected cells. Our results show that nucleolin is required for the outcome of HSV-1 infection and that, soon after infection, nucleolin increases in amount and is first delocalized in the VRC and then accumulates in granular dots located in juxtanuclear structures that display morphological homology with aggresomes. It has been established that aggresomes are formed by the deposition of misfolded proteins in a large structure surrounding the microtubule-organizing center (MTOC) and is enclosed in a characteristic vimentin cage. This process, which is accompanied by a reorganization of the intermediate filaments of the cytoskeleton, requires an intact microtubule cytoskeleton and does not require proteasome inhibition (16, 26, 27) .
We therefore undertook analyses in order to verify whether these structures containing granular dots of nucleolin satisfy the definition of aggresomes. For this, mock-infected cells and cells infected for 8 h were submitted to indirect coimmunofluorescence experiments using specific antibodies to nucleolin and to lamin, which is a component of the lamina that delimitate the inner face of the nuclear envelope (55) . In mock-infected cells, nucleolin staining was exclusively in the nucleus (Fig. 6A , panels a to c). At 8 h p.i., the nongranular form of nucleolin was located inside the lamin layer, while the granular dots of nucleolin were located outside the lamin layer (Fig. 6A , panels d to f). This result led us to conclude that the structures containing the granular dots of nucleolin were in the cytoplasm of infected cells and raises the question of whether they represent some type of aggresome.
To answer this question, we first performed colocalization studies using antibodies specific to nucleolin and to ␥-tubulin, a marker of MTOC. We showed that in infected cells granular dots of nucleolin localized around ␥-tubulin at the MTOC (indicated by an arrow in Fig. 6B, panels b and c) , near the characteristic distortion region of the nucleus, indicating that they localize around the MTOC. Then using antibodies to vimentin (Fig. 6C) , we show that at 8 h p.i. vimentin was distributed throughout the cell and in concentrated foci within the cytoplasm near the distortion of the nucleus, and vimentin formed a ring surrounding the core of the intense perinuclear signal of granular nucleolin, indicating that this large structure containing nucleolin was enclosed inside a typical vimentin cage.
Since granular dots of nucleolin have typical features of proteins present in aggresomes, we further tested whether the formation of these nucleolin-containing structures depends on microtubule integrity. Cells were treated prior to infection with 5 M nocodazole, which is an antimitotic agent that causes the depolymerization of microtubules (67) . In cells infected for 8 h, treatment with nocodazole alone resulted in an increase in the number of cytoplasmic structures containing nucleolin (compare panel a of Fig. 6D to panel a of Fig. 6C ). These structures were smaller and were located throughout the nucleus and the cytoplasm of infected cells as evidenced by nucleolin-vimentin and DAPI staining (Fig. 6D, panels a to c) . These smaller nucleolin structures were not surrounded by a vimentin cage, indicating that the formation of large perinuclear structures containing nucleolin requires intact microtubules. To assess the role of the proteasome in the formation of granular dots of nucleolin, HeLa cells were treated with 5 g/ml of the specific proteasome inhibitor ALLN prior to infection. At this concentration there was no clear evidence of cell toxicity, as reported by other studies using ALLN (4, 18) . In the presence of ALLN alone, there was accumulation of large nucleolin-containing structures surrounded by vimentin (Fig. 6D, panels d to f) , indicating that inhibition of proteasome has no effect on the formation and localization of granular nucleolin dots.
In cells treated with both nocodazole and ALLN, the amount and the size of nucleolin aggregates were increased compared to cells treated with nocodazole alone (compare panels a and g of Fig. 6D ). However, these aggregates were smaller than those present in untreated cells or in cells treated with ALLN alone (compare panel a in Fig. 6C and panel d in Fig. 6D to panels a and g in Fig. 6D ) and were not caged by vimentin.
Altogether, these results indicate that in infected cells, the perinuclear structures containing granular nucleolin have the characteristics of aggresomes.
DISCUSSION
In this paper we present evidence that the behavior of nucleolar proteins is rapidly modified after infection with HSV-1. The analysis of the intracellular distribution of the three most abundant nucleolar proteins-nucleolin, B23, and fibrillarinrevealed that after infection, these proteins are delocalized from the nucleoli. This is in agreement with previous reports (34, 47) . In addition, we demonstrate that at early times of infection, while nucleolin is translocated to both the nucleoplasm and the cytoplasm, the two other proteins remain in large part nuclear.
In addition, the amount of nucleolin increases progressively during the course of infection. This is obvious from 6 h p.i. in the nuclei of infected cells, and the increase is more pronounced in the cytoplasmic fraction, given that cytoplasmic nucleolin is almost undetectable in mock-infected cells and becomes very abundant as early as 6 h p.i. However, the levels of B23 and fibrillarin are less significantly affected in HSV-1-infected cells. Therefore, the expression and localization of these three nucleolar proteins are differentially regulated during the course of infection.
It is well documented that in HSV-1-infected cells there is a repression of the synthesis of most of the host proteins. In previous reports we have speculated that the small number of cellular proteins that continue to be efficiently synthesized upon infection could play a major role in determining the outcome of infection (20, 21, 57) . We have already shown that this is the case for the S-adenosylmethionine decarboxylase, whose synthesis is increased after infection, and the inhibition of its activity prevents HSV-1 infection. Our present observation demonstrating that knockdown of nucleolin expression by the siRNA strategy results in a drastic decrease in the production of infectious virus strongly supports the notion that nucleolin is also a member of this class of cellular proteins whose function is required for an efficient HSV-1 outcome. This result is reinforced by the observation that infection occurs exclusively in the small number of cells in which nucleolin remains detectable after siRNA treatment.
Several publications have reported that nucleolin is involved in different steps during infection with various viruses (for reviews see references 22 and 23) . At this stage of the study we cannot firmly conclude by which molecular mechanism nucleolin promotes HSV-1 outcome, although, based upon our results, it can be proposed that nucleolin very probably plays a role during the early phase of the viral cycle and could affect viral DNA replication. Obviously the initial step of infection is not inhibited, since viral adsorption is as efficient in cells transfected with nucleolin siRNA as in cells transfected with scrambled siRNAs or in mock-transfected cells. This clearly shows that nucleolin is not involved in the virus penetration step, as is the case for human immunodeficiency virus (42) . One cannot exclude as well the possibility that HSV-1-induced alteration of nucleolin and B23 is related to the blockage of cell cycle progression at the S phase that is observed after infection, since it has been shown recently that inhibition of nucleolin expression results in a cell growth arrest, accumulation in G 2 , and an increase of apoptosis (65) .
At early times of infection, nucleolin first delocalizes from the nucleolus to the nucleoplasm and colocalizes in part with ICP8 in the VRC where viral DNA replication takes place. ICP8 is one of the seven early viral proteins essential for viral genome replication that interacts with ssDNA (9, 29, 30) . Therefore, because nucleolin is a multifunctional protein, involved in chromatin structure and dynamics (1, 38, 60, 61) , and because it localizes in the VRC at the time when viral replication is effective, it can be speculated that nucleolin is involved in some aspects of viral DNA replication. Indeed, several reports suggest that nucleolin could play a role in DNA metabolism including DNA replication, recombination, and repair. In vitro, nucleolin forms a ternary complex with the simian virus 40 helicase T-antigen and topoisomerase (56) . Nucleolin mediates the cohesion of the T-antigen helicase holoenzyme during plasmid unwinding, enabling the formation of a functional complex at the replication fork.
It has been also shown that nucleolin interacts in vitro with replication protein A (RPA) (12, 28) . RPA is an ssDNA binding protein of eukaryotic cells which is necessary for both initiation and elongation steps of chromosomal DNA replication (23, 25) , and it has been shown that RPA is associated with ICP8 within VRC (64), although it is not known if RPA is involved in HSV replication. Nucleolin binding to RPA inhibits DNA replication initiation (12) . B23 is also translocated in a structure that could be VRC, and this protein was also shown to play a role in DNA replication (45, 62, 63) . However, the presence of B23 in this structure is delayed compared to localization of nucleolin in VRC, suggesting that the two proteins very probably display different functions.
Later on, nucleolin delocalizes from the nucleus to the cytoplasm of infected cells. However, while nuclear nucleolin has a diffused pattern, the cytoplasmic nucleolin is granular and is concentrated at the periphery of the nucleus. These nucleolincontaining aggregates have the characteristic localization and morphology of aggresomes. Our data clearly demonstrate that this is the case. Indeed, the aggregate structures containing nucleolin are localized in the cytoplasm of infected cells. Like aggresomes, they are located close to centrosomes and are enclosed in a characteristic vimentin cage. In further agreement with aggresomes, our data suggest that small aggregates (16, 27, 51) . The aggregated structures observed in HSV-1-and HSV-2-infected cells are different since HSV-2 aggresome-like structures are not enclosed in a vimentin cage surrounding the MTOC, in contrast to the HSV-1 aggresomal structures containing nucleolin described here, suggesting different functions (43) . Nucleolin is delocalized from the nucleolus to the VRC of HSV-1-infected cells at early times of infection until at least 14 h p.i. and then to juxtanuclear bodies containing aggregated nucleolin. Therefore, one can imagine that HSV-1 induces a stabilization of nucleolin which is delocalized from nucleoli to reach the VCR to fulfill a transitory function and that the excess amount of nucleolin, either newly synthesized or preexisting, is sequestered within the aggresome due to the saturation of proteasome activity that can be anticipated after HSV-1 infection. The aggresome accumulates misfolded proteins destined for degradation by the ubiquitin-proteasome pathway, and it was proposed that the formation of an aggresome is a general cellular response to the presence of aggregated, nondegraded proteins (17) . In the case of HSV-1 and HSV-2, the composition, the function, and the dynamics of cytoplasmic aggresomes or aggresome-like structures are far from being elucidated (43, 66) .
The results of our experiments using cycloheximide and HSV-1 mutants demonstrate that the early delocalization of nucleolin from the nucleolus is not the consequence of the release of viral proteins from the infecting particles, or of cellular modifications induced by these proteins, but requires viral gene expression. We show that nucleolin does not delocalize from nucleolus in cells infected with a mutant lacking ICP4, while it delocalizes in cells infected with mutants lacking the ICP0 or ICP27 gene. This shows that the immediate-early protein ICP4 is required for the early delocalization of nucleolin from the nucleolus. This strongly suggests that the potential function of nucleolin delocalization on HSV-1 metabolism, very probably induced by ICP4 or by a factor depending on ICP4, occurs after the immediate-early phase and plays a major role, since ICP4 is an essential viral gene without which HSV-1 infection is precluded.
It has been recently shown that the leaky-late UL24 viral protein is necessary for the late dispersal of nucleolin occurring from 9 h p.i. to 18 h p.i. (34) . It is known that the expression of UL24 requires ICP27 protein (46) . However, our results show that the presence of ICP27 and the replication of the viral DNA are not required for the early delocalization of nucleolin out of the nucleoli and for the formation of aggregates of nucleolin observed as soon as 6 h p.i., when UL24 protein is almost undetectable. Altogether, these results show that nucleolin is delocalized from the nucleolus very early after the beginning of HSV-1 infection. The factor(s) responsible for the early delocalization of nucleolin from the nucleolus remains to be identified. However, our results suggest that the expression of these factors does not require the presence of ICP0 and ICP27 but requires that of ICP4, since the early delocalization of nucleolin does not occur in cells infected with an ICP4-defective HSV-1 mutant.
